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ABSTRACT 


A cantilever beam accelerometer for measuring linear 
and angular accelerations is described. The entire 
accelerometer and detection circuitry are contained ona 
Single integrated circuit chip. The detection circuitry is 
designed to be implemented using standard MOS fabrication 
techniques, and the cantilever beam is formed by 
anisotropically etching the silicon wafer. Accelerations 
normal to the chip's surface deflect cantilever beams which 
cause changes in capacitance that are detected and converted 
to a d.c. output voltage by the MOS detection circuitry. 

The range, sensitivity, and resonant frequency of the device 
depend on the dimensions of the cantilever beam. Typical 
values for range are +20 g to £3000 g, for sensitivity are 
1 mV/g to 250 mV/g, and for resonant frequency are 750 Hz to 
3000 Hz. Any one of these parameters can always be improved 
at the expense of the others. For example, increased 
sensitivity can be traded off for decreased range and 


resonant frequency. 
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LIST OF SYMBOLS 


length of beam 

width of beam 

height (thickness) of beam 

reduction in w at top of paddle caused by anisotropic 
etching 

mass of one beam 

length of paddle 

width of paddle 

height of paddle 

reduction in L and W at top of paddle caused by 
anisotropic etching 

mass of paddle 

depth of glass wells 

acceleration 

angular deflection of paddle 

Young's modulus 

area moment of inertia 

bulk fracture stress 

acceleration at which the maximum stress in the beam 
equals the bulk fracture stress 

maximum depth of glass wells equal to the deflection 
at the end of the paddle when the acceleration is a 
acceleration at which the deflection at the end of 


the paddle is equal to d (a should always be less 


max 


than ap) 


Chapter 1 


Physical Structure and Fabrication 


Figure 1.1 shows the physical structure of a completed 
sensor. The sensor consists of three distinct layers. The 
centre layer is a silicon chip about 200 am thick that has 
been anisotropically etched to form two free hanging paddles 
that are each suspended by two cantilever beams. The MOS 
circuitry with its bonding pads that connect to the power 
supply and output voltage is situated on the surface of the 
chip between the two paddles. The other two layers are two 
glass covers that are placed on either side of the silicon 
chip. They have wells etched in them to allow the paddles 
to move up and down as the chip undergoes acceleration. The 
depth of these wells will limit the maximum acceleration the 
sensor can measure as long as the cantilever beams do not 
fracture before the paddle hits the bottom. Typical values 
for the various dimensions shown in Figure 1.1 are: 

L 1200 pm 


W 2400 am 


H 200 Am 
1 200 jim 
w 200 pm 

15 ~Am 
qd 50 Am 


Acceleration is measured using the capacitors labelled 
Cl to C4 in Figure 1.la. These capacitors are made by 
depositing aluminum on the top and bottom of the paddles and 
on the bottom of the glass wells. As a paddle bends under 
acceleration, the capacitance between the paddle and the 
bottom of the glass well will change and this can be 
measured electronically. The detection circuit requires 
that Cl and C2 are connected in series. The same is true 
for C3 and C4, but they are not connected to Cl and C2. The 
best way to do this is to anisotropically etch a hole 
through the centre of each paddle. When the aluminum is 
deposited, both sides of the paddle will be connected 
together. The area that the hole occupies must be kept 
small to minimize the effect it has on the capacitance 
between the paddle and glass. Using typical values like 
those listed above, the area turns out to be about one per 
cent of the total area of the paddle. 

The way in which the capacitors are connected will 
determine whether the sensor will measure linear or angular 
acceleration. If the acceleration is linear and normal to 
the surface of the chip, Cl and C4 will increase when C2 and 
C3 decrease, and vice versa. If the acceleration is angular 
about an axis parallel to the surface of the chip through 
the centre of the vertical cross-section shown in Figure 


1.la, Cl and C3 will increase when C2 and C4 decrease, and 


vice versa. This is opposite to what happens under linear 
acceleration. An accelerometer that is set up to measure 
linear acceleration will not be able to measure angular 
acceleration, and vice versa. Only sensors that measure 
linear acceleration will be specifically analyzed, but the 
analysis is also valid for sensors that measure angular 
acceleration except for the connection of the capacitors. 

The MOS detection circuit can be constructed using 
standard integrated circuit photolithographic and diffusion 
processes, but the mechanical structure requires anisotropic 
etching of the silicon. Anisotropic etchants etch the {111} 
planes of silicon about two orders of magnitude slower than 
the other crystallographic planes. One example of such an 
etchant is potassium hydroxide (KOH). 

Silicon has the same lattice structure as diamond which 
can be thought of as a face-centred cubic (fcc) structure 
with an extra atom placed at a/4 + b/4 + c/4 from each of 
the fcc atoms, where a, b, and © are the basis vectors for 
the cubic lattice structure. Figure 1.2a shows a unit cell 
for a cubic lattice. Simple trigonometry can be used to 
show that the angle the [111] direction makes with the [001] 
direction is 55 degrees. The [100], [010], and [001] 
directions are identical in the cubic lattice, (and are 
called the <100> directions) so this is also the angle the 


{111} planes will make with the surface of (100) silicon 


which has the <100> directions normal to its surface. This 
is shown in Figure 1.2b and is responsible for the shape of 
the paddle shown in Figure 1.2c. 

Figures 1.2a and 1.2b also show that depth-limited 
holes can be anisotropically etched on (100) silicon. In 
Figure 1.2a, the ratio of AB to BC is Sz. Figure 1.2b shows 
that this limits the depth of any hole to 42/2 times the 
width of the opening. This can be used to etch the holes 
that connect the top and bottom aluminum depositions on each 
paddle together. 

The glass covers are each about 200 um thick and can be 
bonded to the silicon using an anodic bonding technique 
which requires no filler. The silicon and glass are placed 
together and raised to a temperature of about 400 degrees 
Celcius. A 600 volt potential is then applied between the 
silicon and the glass, with the silicon positive with 
respect to the glass, and a bond is formed almost 


immediately. [1] 
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Chapter 2 


Mathematical Models 


Mass of Paddle and Beam 

The mass of the paddle and beam is equal to their 
volume multiplied by the density of silicon which is about 
2328 kg/m? The anisotropic etch produces sides on the 
paddle and beams that make an angle with the horizontal of 
55 degrees and not 90 degrees. The distance that is lost at 
the top of the etch is equal to the height of the structure 
multiplied by the tangent of 35 degrees as can be seen in 
Figure 1.2. This distance is called A for the paddle and $ 
for the beam. Knowing these values, the volumes can be 
calculated and multiplied by the density of silicon to get 


the masses as shown. 


= 
i) 


Cl(L - 24)(W - 2A)H + (L - 2A)HA + (W - 24)HA) (2.1) 
@fl(w - 28)h + 15h] 


3 
ul 


@l(w - S)h (2.2) 


where © = density of silicon 
4 = H tan 35° 


& 


h tan 35° 


Static Deflection of Paddle and Beam 
The static deflection curve of a massless cantilever 


beam can be approximated by the following equation: [2] 


y(x) = 1 Ex'[2- 2] (2.3) 
2 BI 


where F = concentrated force at end of beam 
1 = length of beam 
E = Young's modulus 1.87X10. N/m* 
I = area moment of inertia 
y = deflection 


x = distance from point where beam is anchored 


Assuming a trapezoidal cross-section with sides that slope 
down from the horizontal at 55 degrees, the area moment of 
inertia for the beams attached to the paddle is: 


3 
I = (w- h tan 35°) _h (2.4) 
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Using equation 2.3, the deflection curve of a massless 
cantilever beam with a rigid distributed mass at its end can 
be found. As shown in Figure 1.2c, the length of each beam 
is 1, and the length of the paddle (distributed mass) is L. 


Both beams will bend in the same way and can be considered 


individually as if each had a mass of M/2 at the end, where 
M is the mass of the paddle. The mass of the paddle will be 
much larger than the mass of the beams, so the approximation 
of a massless beam is valid. The force generated by the 
paddle can be assumed to act through the centre of the 
paddle which is a distance L/2 from the end of the beam. 

For one beam this force is equal to Ma/2, where a is the 
acceleration. Equation 2.3 describes the deflection of a 
massless beam with a force F located at x = 1. It can be 
used to describe the deflection of the beam with the paddle 
at the end if the force Ma/2 located at x = 1+ L/2 is 
replaced with a force at x = 1 that has the same moment 


about x = 0 as Ma/2 does. 


(M/2)a(l1 + L/2) 


Fl 


F 


(M/2)a(l + L/(21)) (2.5) 


If this equation for F is substituted into equation 2.3, the 
deflection of the beam with the paddle on the end for x 


between 0 and 1 becomes: 


y(x) =2 wnyavax’ | - x ,4a_ xa (2.6) 


2 EI 3 31 


In order to find the deflection for x between 1 and 1 + L, 


the slope of the beam at x = 1 must be found. This slope 


will then be equal to the slope of the paddle. Since it is 
much thicker than the beam and will not bend significantly 
it can be treated as a straight line starting at x = l, 


y = y(1) with slope equal to dy/dx at x = l. 


ay — (M/2)al(1 + L/2) (2.7) 
OX} y=} 2EI.ti‘(<‘<(Cé‘(S 


The deflection of the beam and paddle for x between 1 and 


1 + L/2 is: 


y(x) y(1) + OY (x - 1) 


OX | y=1 
(2.8) 
- {M/2)al 1 + da)(3x - 1) 
6EI 
It will be useful later to know the deflection at the 
beginning, middle, and end of the paddle. They are: 
y(l) = (M/2)al(1 + L/2) (2.9) 
3EI 
y(l + L/2) = (M/2)al(1 + L/2)(21 + 3L/2) (2.10) 
6EI 
y(l + L) = (M/2)al(1_ + L/2)(1 + 3L/2) (2.11) 
3EI 
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Resonant Frequency of Paddle and Beam 


According to Rayleigh's method, a continuous beam of 
mass m is equivalent in vibration characteristics to that of 
a massless beam with a concentrated mass (33/140)m at the 
end. For a massless beam of length 1 with a uniformly 


distributed mass M/2 of length L at the end, [2] 


2 3EI 
Wh, = SS Sar 
(M/2)(1 + L/2) 


For the beam and paddle together, 


we = a a (2.12) 


[(33/140)m + (M/2)1(1 + L/2)? 


Capacitance Between Paddle and Glass 


There are two models that can be used for the 
capacitance between the paddle and glass. For small 
deflections, the plates are almost parallel and the 
capacitor can be treated as a parallel plate capacitor. For 
deflections larger than about one tenth of the glass well 
depth, the plates can no longer be approximated by parallel 
planes and a radial plane model must be used. The two 
models give almost identical values for small deflections 
and the parallel plate model is probably more useful in 


practice because it is simpler and it accurately predicts 


ll 


the capacitance over the linear range of the device. The 
radial planes model is only useful for predicting the 
capacitance beyond the linear range of the device where it 
should not be operated in practice. 

In both the parallel planes model and the radial planes 
model edge effects are ignored. The field at the edges of 
the plates will tend to store charge on the backplane of the 
plates which will increase the capacitance; therefore, 
ignoring edge effects produces a more conservative value for 
the capacitance but it may also remove another source of 
nonlinearity. 

The capacitance of a parallel plate capacitor is equal 
to €¢S/d where S is the surface area of the plates and d is 
the distance between the plates. For the accelerometer the 
dielectric is air and the surface area is (L - 24)(W - 24). 
The distance between the plates is equal to the depth of the 
glass well plus or minus the deflection at the middle of the 
paddle. Equation 2.10 gives the deflection of the middle of 
the plate and it shows that the deflection is linear with 
acceleration since all the terms are constant once the size 
of the device is set. 

The radial planes model is a pair of inclined planes 
which are separated by an insulating hinge in order to 
permit the planes to be at different potentials. I£ the 


planes make an angle &“, the capacitance from some point a 


12 


fixed distance from the hinge on outward can be found 
starting from Laplace's equation. The total capacitance of 
two such planes is infinite because of the zero distance 
Spacing at the hinge. The angle & is equal to the angular 
deflection of the paddle. I£ the acceleration is such that 
the plate separation of Cl decreases and the plate 


separation of C2 increases the capacitances are as follows: 


Cl = (W- 2A) 1n 14 ba 2A) (2.13) 
aH Xr, 
C2 = (W- 24) In(l, L- 24 (2.14) 
(4 rz 
where xr, =d- y(l +L -4) 
ol 
r2 = d+ y(l +4) 
A 


R 


(M/2)al(1 + d) 
2EI 


The equation for «is an approximation of tan & = dy/dx 
at x = 1 which will hold if “ is smaller than about 10 
degrees. It turns out that the beam will fracture if X is 
ever above about 6 degrees when h is 15 mm and the other 


dimensions are reasonable. 
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Chapter 3 


Capacitance Measuring Circuit 


The circuit of Figure 3.1 is a suggested design for the 
detection circuitry. The circuit was built on a breadboard 
using commercially available CMOS inverters, transmission 
gates and op amps. Figures 3.2 to 3.5 illustrate results 
obtained experimentally using variable air capacitors in the 
range 30 pF to 300 pF. 

The circuit treats the four capacitors like the four 
resistors in a d.c. Wheatstone bridge and measures the 
differential voltage between the two arms. The capacitors 
are arranged so that Cl and C4 increase when C2 and C3 
decrease, and vice versa. In this way, the voltage at the 
midpoint of C3 and C4 increases when the voltage at the 
midpoint of Cl and C2 decreases, and vice versa. This 
produces double the voltage swing that would be obtained if 
only two capacitors were used. 

The main problem with using these capacitors ina d.c. 
polarized circuit is the fact that they are very small. 
Values around a few hundred femtofarads are not uncommon 
although capacitances around a picofarad are possible if the 
paddle is large and the glass wells are shallow. This small 
a capacitance would be easily overwhelmed by parasitic 


capacitance if the detection circuitry was not on the same 
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chip. An equally important problem is preventing the 
capacitors from discharging too quickly. 

The £irst problem is solved by putting the detection 
circuitry on the same chip as the paddles and by using 
MOSFET transistors with small gate areas at the input to the 
buffer amplifier. In Figure 3.1 two MOSFET op amps are used 
as buffers. These could probably be safely replaced with a 
simple two transistor MOSFET amplifier if the load being 
driven has a fairly high input impedance. Simple MOSFET op 
amps can be made with only about ten transistors which is 
not an unreasonable price to pay for the extra drive they 
provide. Whatever type of buffer is used, it must have a 
small gate capacitance so it doesn't overwhelm the sensing 
capacitors; however, too small a capacitance is not useful 
either because the capacitor labelled C5 in Figure 3.1, 
which can be the gate capacitance of the buffer, provides a 
useful function as shown by Figures 3.3 and 3.4. It helps 
to filter out the spikes in the output that are produced by 
the oscillator. This could also be done using a simple RC 
filter on the output, but a much larger capacitor and a 
large resistor would be required which are not easy, and may 
be impossible, to implement on a silicon chip. 

The problem of preventing the capacitors from 
discharging is solved using the oscillator and transmission 


gates to totally discharge the capacitors about once every 


15 


millisecond. Figure 3.2 shows the signal used to turn the 
transmission gates on and off. This signal would be 
improved if the circuit was on a single chip because there 
would be much less parasitic capacitance slowing it down. 
Figure 3.5 compares the experimentally obtained output 
voltage with the theoretical output voltage. Even though 
the experimental values do not match the theoretical values, 


they are linear which is important. 
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Chapter 4 


Dimension Selection 


The mathematical models described in chapter 2 were 
used to write a computer program that calculated important 
parameters of an accelerometer given 1, w, h, L, W, H, and 
d. This program was then used to generate the graphs at the 
end of this chapter. 

Equation 2.12 was used to calculate the values for 
resonant frequency shown in Figure 4.1. The system has very 
little damping so it is important to have a high resonant 
frequency since the useful frequency is limited to about one 
fifth of the resonant frequency. 

Figure 4.2 was generating using the bulk fracture 
stress of silicon which is about 3.5X10 N/mand the maximum 
stress in the beam. When these two are equal, the beam is 


likely to fracture. The maximum stress in the beam is: [1] 


Trax = (M/2)a(1 + L/2)(h/2) 
I 


Let OF be the bulk fracture stress of silicon and ag be the 
acceleration at which the maximum stress in the beam is 
equal to the bulk fracture stress. 


= Og 1 


ae ——————_—_— 
(M/2)(1 + L/2)(h/2) 
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If this expression is substituted for a in equation 2.11, 
which gives the deflection at the end of the paddle, the 
maximum depth that the glass wells should be made can be 


found. 


% 1(1 + 3L/2) 
f 7 3E(h/2) 


This equation is plotted in Figure 4.3 for h = 15 um. This 
could be safely decreased to about 10 um to decrease the 
stress in the beam, but it would also decrease the resonant 
frequency. 

Figure 4.4 was plotted using the parallel planes model 
for the capacitors and is valid for small deflections close 
to the central position. Figure 4.5 was plotted using the 
radial planes model for the capacitors and gives the lowest 
capacitance that would occur. 

Figure 4.6 depends on the assumption that the 
deflection at the end of the paddle varies linearly with 
acceleration which manifests itself in equation 2.11, the 
deflection y (1 +L). By setting y (1 + L) equal to d (the 
glass well depth), the maximum acceleration allowed by the 
glass well depth can be found. Both sides can then be 
divided by d to get the maximum allowed acceleration per 
micrometer of glass well depth. 


Figure 4.7 employs the parallel plates model to find 
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the sensitivity of the accelerometer independent of glass 
well depth. The values on the vertical axis must be divided 
by the glass well depth to find the sensitivity of any 


particular design. Independent of the model used, 


In particular, for the parallel plates model, 


dz as d, 
Vi. = =>? 9 1 2V 
amar: Fae ana Be 
where d, = d - y(l + L/2) 


dz d + y(l + L/2) 


This reduces to: 


vy. = (M/2)al(1 + L/2)(21 + 3L/2), 


0 6EId ey 
VoG _ (M/2)1(1_ + L/2)(21 + 3L/2), jo, 


a 6EI 


This accurately gives the sensitivity for small deflections 


near the centre position. 


24 


Resonant Frequency (Hz) 


3200 


2%B00 


2400 


w 
iS) 
is} 
iw 


1600 


1200 


B00 


400 


Resonant Frequency vs length and Width of 
Paddle for Selected Beam Lengths with H=20dum, 


Au = KOO um, h=l5um 


Lz loom 


A= 200 um 
Ae 300 um 
£= 400 pom 


1000 1100 1200 1300 1400 1500 
L=W/2 (um) 
Figure 4, 


25 


(q’s) 


Ap 


{200 


Acceleration at which Beam will Fracture 
{100 


Vs Length and Width of Paddle for 


Selected Beam Lengths with H=200um, 


{000 


ar =200 um y h =/5 um 


400 


800 


700 


600 


500 


400 


300 


200 


1000 1100 1200 1300 1400 1500 


L=w/2 (4m) 
Figure 4,2 


26 


Deflection at which Beam will Fracture vs 
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CONCLUSIONS 


The accelerometer that has been described has several 
advantages over other similar accelerometers that use 
diffused resistors and the piezoelectric effect. The 
capacitive type is only sensitive to accelerations normal to 
the chip, whereas the piezoelectric effect affects the 
resistance for accelerations in almost all directions. The 
capacitive type is also more sensitive and has many 
parameters that can be varied to obtain almost any response. 
One important parameter is the depth of the glass wells 
which has a tremendous effect on sensitivity and range. For 
a specific application the dimensions of the device and 
glass well depth can be adjusted to match the range of 
accelerations to be encountered and to obtain the required 
sensitivity. 

One of the main difficulties with capacitive 
transducers has been the inability to easily create a d.c. 
output voltage from the capacitance. Although the circuit 
presented here is not a totally general signal-detection 
scheme, it is very useful in the configuration presented 


here because it is very simple. 
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